Herpes simplex virus type 1 (HSV-1) triplex is a complex of three protein subunits, consisting of two copies of VP23 and one copy of VP19C. Here, we identified a non-classical NLS of VP19C between aa 50 and 61, and the nuclear import of VP19C was mediated by RanGTP and importin b1-, but not importin a5-, dependent pathway. Additionally, recombinant virus harbouring this NLS mutation (NLSm) replicates less efficiently as wild-type. These data strongly suggested that the nuclear import of VP19C is required for efficient HSV-1 production.
Herpes simplex virus type 1 (HSV-1), a typical alphaherpesvirus, causes a spectrum of diseases, including herpes labialis, herpes keratitis and herpes encephalitis, which can be lethal . VP19C is a structural protein of the HSV-1 viral particle, which forms a triplex consisting of two copies of VP23 and one copy of VP19C (Chowdhury & Batterson, 1994; Kim et al., 2011; Solé et al., 2007; Spencer et al., 1998) . There are 320 hetero-trimeric triplex molecules per capsid, which are assembled in the cytoplasm and transported to the nucleus, where higherorder capsid shells are assembled (Okoye et al., 2006; Saad, 2003; Solé et al., 2007; Trus et al., 1996) . VP19C is essential for assembly of the capsid and if it is absent capsid shells do not form (Person & Desai, 1998) . A previous report has described that the nuclear targeting property of VP19C is required for nuclear transport of VP23 (Rixon et al., 1996) , which is incapable of localizing to the nucleus on its own. A previous study has demonstrated that the N terminus of VP19C was required for its nuclear import (Adamson et al., 2006) ; however, the precise NLS responsible for its nuclear targeting was still elusive.
As previously reported (Rixon et al., 1996) , VP19C exhibited a predominantly, if not exclusively, nuclear localization in HSV-1-infected cells, which was demonstrated by using a fixation procedure. However, it is well known that some fixation protocols may alter the subcellular localization of proteins, resulting in misleading conclusions. As an alternative method to investigate the intracellular distribution of VP19C, a living-cell fluorescence microscopy technique and enhanced-yellow-fluorescent protein (EYFP)-tagged variants were applied (Cai et al., 2011; Xing et al., 2010 Xing et al., , 2011b . To investigate the subcellular localization of VP19C in the absence of other viral proteins, pVP19C-EYFP was constructed and transfected into COS-7 cells as described previously (Li et al., 2011a) . The fluorescence of VP19C-EYFP was predominantly restricted to the nucleus (Fig. 1c) , which is consistent with the previous report (Rixon et al., 1996) .
It was previously reported that the first 56 aa of VP19C was important for its nuclear localization (Adamson et al., 2006) ; however, the precise NLS was still unknown. To map the amino acid sequence within VP19C responsible for its nuclear localization, a series of deletion mutants encompassing aa 1-30, 30-50, 41-52, 50-61 and 1-61 each fused to EYFP were constructed (Fig. 1a) . Their expression was confirmed by Western blot analysis using anti-YFP antibody (Clontech) (Fig. 1b) . Then the subcellular localization of these fusion proteins was imaged in live cells. As shown in Fig. 1(c) , subcellular distribution of VP19C aa 1-61-EYFP was identical to that of VP19C-EYFP, with fluorescence enriched in the nucleus. While, aa 1-30-EYFP, aa 30-40-EYFP and aa 41-52-EYFP showed identical pan-cellular localization to EYFP. Surprisingly, VP19C aa 50-61-EYFP distributed primarily to the nucleus (Fig.  1c) , suggesting that aa 50-61 might be responsible for nuclear localization of VP19C.
The function of a putative NLS can be tested by mutation (Li & Zhu, 2009) . A protein containing a defective NLS fails to enter the nucleus. To validate whether the putative NLS was responsible for VP19C nuclear translocation, three arginines in the putative NLS were mutated to alanines (Fig. 1a) . As a result, mutation of arginines significantly attenuated protein accumulation in the nucleus (Fig.  1c) , suggesting that these arginines are important for nuclear translocation of VP19C. Accordingly, we have identified VP19C aa 50-61 (PRGSGPRRAAS) as a non-classical NLS that does not belong to any of the known classes of NLS (Lange et al., 2007) , suggesting that it is responsible and sufficient for nuclear targeting of VP19C.
Ran has been shown to be required for classical NLSdependent nuclear transport (Moore & Blobel, 1993) . To further explore the nuclear import mechanism of VP19C, a dominant-negative (DN) Ran protein, Ran-GTP Q69L, which is deficient in GTP hydrolysis (Palacios et al., 1996) , was introduced to determine whether Ran is required for the nuclear transport of VP19C. COS-7 cells were cotransfected with pRan-Q69L-ECFP and pVP19C-EYFP and their subcellular localization was monitored. The results showed that co-transfection of Ran-GTP Q69L significantly abrogated nuclear import of VP19C, whereas VP19C alone targeted to the nucleus (Fig. 2a) . This result demonstrated that nuclear translocation of VP19C is Randependent and requires GTP hydrolysis.
Whereas proteins carrying classical NLSs are imported into the nucleus via importin a/b heterodimer, the majority of proteins with non-classical NLSs bind directly to specific nuclear import receptors of the importin b family (Pemberton & Paschal, 2005) . To identify the cellular receptor responsible for VP19C nuclear targeting and to further characterize nuclear import pathway of VP19C, DN importin a5 (Miyamoto et al., 2002; Reid et al., 2007) and importin b1 (Guo et al., 2010) , which lack the ability to bind importin b and Ran, respectively, were introduced to determine whether they are required for nuclear import of VP19C. COS-7 cells were co-transfected with pVP19C-EYFP and pDN importin a5-ECFP or pDN importin b1-ECFP, respectively, and their subcellular localization was monitored. The results show that co-transfection of DN importin b1 with VP19C significantly blocked the nuclear import of VP19C (Fig. 2c) . However, DN importin a5 did not (Fig. 2b) . These results demonstrated that the nuclear import of VP19C is mediated by a classical importin b1-dependent but importin a5-independent pathway.
To further verify the nuclear import mechanism, coimmunoprecipitation (Co-IP) assays were performed as described previously (Cai et al., 2012; Wu et al., 2012; Xing et al., 2011a) . The results show that Flag-importin b1 was co-immunoprecipitated with VP19C-HA but not Flagimportin a5, whereas no such protein was immunoprecipitated with control IgG or HA-vector control (Fig. 2d) . These results demonstrated that VP19C could interact with importin b1 in vivo, and the nuclear import of VP19C is Fig. 2 . The nuclear import mechanism of VP19C and the effect of VP19C NLS on nuclear transport of VP23. COS-7 cells were co-transfected with plasmids pVP19C-EYFP and pRan-Q69L-ECFP (a), pDN importin a5-ECFP (b) and pDN importin b1-ECFP (c). EYFP and ECFP fluorescence were analysed in living cells 24 h after transfection. (d) Verification of the interactions between VP19C/importin b1 and VP19C/importin a5 by Co-IP assay. Thirty-six hours after transfection, cells were lysed and immunoprecipitated with anti-HA mAb or non-specific mouse antibody (IgG) was performed. (e) Subcellular localization of VP23, VP19C and VP19C NLSm with immunofluorescence assay. (f) Mutation of VP19C NLS impairs nuclear accumulation of VP23. COS-7 cells were transfected with pFLAG-VP23 and pHA-VP19C or pHA-VP19C NLSm, or co-transfected with pFLAG-VP23, pHA-VP19C and pDN importin b1-ECFP, probed with antibodies against HA or FLAG tag, respectively, and visualized using FITC-conjugated goat anti-mouse Ig or Rho-conjugated goat anti-rabbit Ig. Both fluorescent images of EYFP and ECFP fusion proteins were presented in pseudocolour, green and red, respectively. Each image is representative of the majority of cells observed in several fields. Immunofluorescence analysis of transfected cells had previously shown that VP23 was present throughout the cell when expressed alone and required VP19C for its nuclear localization (Tatman et al., 1994) . In order to further investigate the effect of the identified NLS of VP19C on subcellular distribution of VP23, pHA-VP19C and pFLAG-VP23 or pHA-VP19C/NLSm and pFLAG-VP23 were co-transfected into COS-7 cells, respectively. As expected, when expressed alone, VP19C exhibited nuclear localization while VP23 or VP19C/NLSm was present throughout the cell (Fig. 2e) . Co-transfection of VP19C with VP23 redistributed VP23 into the nucleus, while cotransfection of NLS-mutated VP19C with VP23 not only abrogated the nuclear localization of VP19C, but also failed to target VP23 to the nucleus (Fig. 2f) . Additionally, cotransfection of DN importin b1 with VP19C and VP23 failed to target VP23 to the nucleus (Fig. 2f) , while cotransfection of DN importin a5 with VP19C and VP23 redistributed VP23 into the nucleus (data not shown). Thus, these results demonstrated that the identified VP19C NLS was required for both nuclear localization of VP19C and nuclear import of VP23.
Cloning of the HSV-1 genome as infectious bacterial artificial chromosomes (BACs) has facilitated genetic manipulation of the HSV-1 genome in Escherichia coli (Tanaka et al., 2003) . To investigate the effect of alteration of VP19C subcellular localization on HSV-1 lytic replication, a VP19C NLS-mutated recombinant virus was constructed. Recombinant HSV-1 harbouring the VP19C NLS mutation was generated by a two-step Red-mediated recombination system in E. coli GS1783 strain (Tischer et al., 2006) using a BAC-cloned HSV-1 strain F genome (pYEbac102) (Tanaka et al., 2003) . The construction of the recombinant BAC pVP19C NLSm/Bac102 was performed as described previously (Jarosinski et al., 2007; Tischer et al., 2006) . The expected recombinant clone was identified by PCR and RFLP analysis (Fig. 3a) and further verified by sequencing. As expected, no gross mutation was detected and the mutations occurred at the expected loci.
Approximately, 1-2 mg recombinant pVP19C NLSm/ Bac102 DNA was electroporated into Vero cells to reconstitute the VP19C NLSm/Bac102 virus (Fig. 3b) . Sequence analysis confirmed that the NLS mutation in VP19C was not repaired during viral replication (Fig. 3c) , which indicated that the deletion of the NLS is not required for virus growth in vitro. Immunofluorescence staining was applied to visualize the subcellular localization of VP19C and VP23 in VP19C NLSm/Bac102 virus-infected cells. As shown in Fig. 3d, VP19C and VP23 exhibited pan-cellular localization, which is distinct from the nuclear localization of them in wild-type (wt) HSV-1-infected cells. As a control, gD displayed a cytoplasmic membrane localization in VP19C NLSm/ Bac102 virus-infected cells as it did in wt HSV-1-infected cells. These results confirmed the expected subcellular localization of VP19C mutant. To compare the in vitro growth properties of VP19C NLSm/Bac102 with those of parental virus and wt HSV-1, single-step growth kinetics was determined as described previously (Li et al., 2011b) . Notably, the titre of the recombinant VP19C NLSm/ Bac102 virus decreased 10-to 100-fold compared with the parental virus and wt HSV-1 (Fig. 3e) . Mutant viruses were analysed by Western blot analysis for virion proteins VP19C, VP23 and VP22, and significantly less virion protein was detected in VP19C NLSm/Bac102 virusinfected cells, confirming the lower yields of the mutant virus ( Fig. 3f and 3g) . These results suggested that the NLS of VP19C have functional roles in HSV-1 lytic replication and the nuclear targeting of VP19C is required for efficient production of HSV-1.
VP19C is the HSV-1 structural protein known to localize in the nucleus of infected cells and essential for capsid formation (Tatman et al., 1994) . It is reported that correct transport of the component proteins to the site of capsid assembly is an important function of VP19C (Adamson et al., 2006) . VP19C is required for efficient transport of VP23 to the nucleus, which is the site of capsid assembly (Rixon et al., 1996) . Here, we demonstrated that VP19C contained a non-classical NLS that did not display any similarities with previously identified classical NLS (Lange et al., 2007) . Co-transfection of VP19C with DN importins indicated that nuclear import of VP19C was mediated by a Ran-dependent and importin b1-dependent pathway, but does not require importin a5. We further demonstrated that a NLS mutated VP19C failed to relocate VP23 into the nucleus. In addition, we constructed a recombinant virus harbouring the mutated NLS of VP19C and found that this mutation causes a significant reduction of virus titre compared with wt virus. The VP19C NLS-mutated recombinant virus replicated less efficiently as wt HSV-1, which was just partially in accord with the previous study that the 45 residue deletion in the N terminus of VP19C caused a 50-fold reduction due to the failure of this deleted protein to localize to the nucleus (Adamson et al., 2006) . There may be some possibilities why the mutant virus replicates at all when VP19C fails to localize to the nucleus. It seemed that whether VP19C or VP23 localized to the nucleus or not did not interfere with the ability of VP19C to interact with VP23 or other viral proteins (Adamson et al., 2006) . So the NLS mutated VP19C may interact with VP23 and VP5, and then scaffold protein VP22a may relocate the triplexes into the nucleus via interacting with VP5. Besides, other cellular import factors (like NPC) or viral proteins (like UL25) may interact with the NLS mutated of VP19C and transport it into the nucleus through other pathways. However, it is evident that the correct transport of the component proteins to the site of capsid assembly is an important function of VP19C (Adamson et al., 2006) . Taken identified novel VP19C NLS is required for its nuclear localization and nuclear import of VP19C is required for efficient virus production.
